Magnetic resonance (MR) imaging is an important diagnostic tool for neurosurgical diseases but susceptibility artifacts caused by biomaterial instrumentation frequently causes difficulty in visualizing postoperative changes. The susceptibility artifacts caused by neurosurgical biomaterials were compared quantitatively by 0.5, 1.5, and 3.0 Tesla MR imaging. MR imaging of uniform size and shape of pieces ceramic (zirconia), pure titanium, titanium alloy, and cobalt-based alloy was performed at 0.5, 1.5, and 3.0 Tesla. A linear region of interest was defined across the center of the biomaterial in the transverse direction, and the susceptibility artifact diameter was calculated. Susceptibility artifacts developed around all biomaterials at all magnetic field strengths. The artifact diameters caused by pure titanium, titanium alloy, and cobalt-based alloy increased in the order of 0.5, 1.5, to 3.0 Tesla magnetic fields. The artifact diameter of ceramic was not influenced by magnetic field strength, and was the smallest of all biomaterials at all magnetic field strengths. The artifacts caused by biomaterials except ceramic increase with the magnetic field strength. Ceramic instrumentation will minimize artifacts in all magnetic fields.
Introduction
Magnetic resonance (MR) imaging is an important diagnostic tool for neurosurgical diseases. 2,4,5) Accurate anatomical MR images can also demonstrate postoperative changes of intracranial or spinal lesions. 1, 16) However, neurosurgical implants made of various biomaterials, such as cobalt-based alloy, titanium alloy, or ceramic, 9,10,17) often cause susceptibility artifacts which frequently obscure postoperative changes. Clinical use of magnetic field strengths of 3.0 Tesla has been approved in many countries. Several studies regarding MR imaging susceptibility artifacts have been published, 7, 8, [11] [12] [13] but systematic assessments of the susceptibility artifacts caused in different magnetic fields including 3.0 Tesla are uncommon.
The present study quantitatively compared the susceptibility artifacts caused by neurosurgical biomaterials in 0.5, 1.5, and 3.0 Tesla fields.
Materials and Methods
MR imaging was performed of ceramic (zirconia), pure titanium, titanium alloy, and cobalt-based alloy (Elgiloy  ; Mizuho, Tokyo). The biomaterials studied and their magnetic susceptibilities are listed in Table 1 . All biomaterials were columns of 20 mm length and 2 mm diameter. The biomaterial was placed in an agarose-gel phantom formulated to simulate the T 1 and T 2 characteristics of gray matter 3) with the long axis of the implant parallel to the main magnetic field. MR images were obtained using 0.5, 1.5, and 3.0 Tesla MR scanners (General Electric Medical Systems, Milwaukee, Wis., U.S.A.) and standard head coils. Transverse and longitudinal images were acquired with the readout (frequency) direction parallel and perpendicular to the main magnetic field, respectively. Three-directional shimming was performed during auto prescan. The experiments used conventional two-dimensional spin echo (SE) T 1 -weighted and T 2 -weighted sequences with a readout matrix of 256 pixels, nonreadout matrix of 192 pixels, field of view of 200 × 200 mm, and slice thickness of 5 mm. Sequencespecific parameters were as follows: SE T 1 -weighted sequences, repetition time (TR) ＝ 300 msec, echo time (TE) ＝ 15 msec, and number of excitations (NEX) ＝ 2; SE T 2 -weighted sequences, TR ＝ 2600 msec, TE ＝ 80 msec, and NEX ＝ 1. Images were transferred to a personal computer and analyzed using VOX-BASE TM software (J-MAC System Corp., Sapporo). A linear region of interest was defined across the center of the biomaterial in the transverse direction in each image, and a signal intensity profile was calculated to evaluate the susceptibility artifact (Fig. 1 left) . The intensity profile of the control phantom used the same procedure. The artifact diameter of each biomaterial was defined as: (distance between two pixels with signal intensity over mean signal intensity ± 1.5 standard deviations of baseline intensity) -(diameter of material) 11) (Fig. 1  right) .
Results
Susceptibility artifacts were observed around all biomaterials. Representative SE T 2 -weighted images are shown in Fig. 2 . Quantitative analyses found little difference between the artifact diameters on the SE T 1 -and SE T 2 -weighted images for all biomaterials.
The artifact diameters caused by pure titanium, titanium alloy, and cobalt-based alloy increased with the magnetic field strength ( Table 1 ). The artifact diameter of the ceramic biomaterial was not influenced by the magnetic field strength, and was the smallest of all biomaterials at all magnetic field strengths. The artifact diameters of pure titanium and ceramic showed little difference at 0.5 and 1.5 Tesla. However, the artifact diameter of pure titanium was larger than that of ceramic at 3.0 Tesla. The artifact diameter of pure titanium was smaller than that of titanium alloy at 0.5 and 1.5 Tesla, but there was little difference at 3.0 Tesla.
Discussion
The present study demonstrated that the MR imaging artifacts caused by biomaterials increased with the magnetic field strength except for ceramic artifacts which were not influenced by the magnetic field strength.
The difference in magnetic susceptibility between substances in a magnetic field results in the susceptibility artifact which leads to geometrical distortion in MR images. 13) In general, the extent of the susceptibility artifact depends on the magnetic susceptibility of the material, the degree of magnetization, and the magnetic field strength. 6,7) Ferromagnetic biomaterials undergo a sharp increase in magnetization, so cause large susceptibility artifacts. 13) The artifact caused by a ceramic instrument in a 1.5 Tesla magnetic field is similar to the size and shape of the instrument. 14) The present study found that ceramic caused the smallest artifact diameters of all biomaterials studied at all magnetic field strengths, which is consistent with the lowest susceptibility value.
The present study found little difference in the artifact diameters between pure titanium and ceramics in 0.5 and 1.5 Tesla magnetic fields, but pure titanium had a larger artifact diameter at 3.0 Tesla. Actually, pure titanium has a larger magnetic susceptibility than ceramic. Therefore, the difference in magnetic susceptibility between ceramic and pure titanium does affect the artifact diameter in higher strength magnetic fields.
Aneurysm clips made from pure titanium caused smaller artifacts than clips made from cobalt-based alloy on 1.5 Tesla MR images. 15) However, the artifacts caused by pure titanium and titanium alloy have never been compared. Our study found pure titanium had smaller artifact diameters than titanium alloy in 0.5 and 1.5 Tesla magnetic fields, but little difference in a 3.0 Tesla magnetic field. The exact reason of this difference is unclear, but titanium alloy does contain traces of aluminum and vanadium, which may affect the artifact diameters in 0.5 and 1.5 Tesla magnetic fields.
The diameter of MR imaging artifacts caused by pure titanium, titanium alloy, and cobalt-based alloy increased with increasing field strength in 0.5, 1.5, to 3.0 Tesla magnetic fields. However, the artifact diameter of ceramic was not influenced by the magnetic field strength. Ceramic instruments have several disadvantages compared with metallic biomaterials, such as lower retention force and lower flexibility, but cause the smallest artifacts in all magnetic fields. 
